ABSTRACT. A prelimina ry simulation of blowing snow over the Antarctic c011linent made with a mesoscale atmospheric model is presented. Sensitivity experiments show th at the increase of surface fricti on arising in conjunction with blowing snow has a relatively more importa nt impact on the dynamics of strong katabatic winds than previously supposed. Sublimation in blowing snow over the Antarctic co ntinent a lso co ntributes to the global sea-level budget. It is found that this co ntribution is of the same order of m agnitude as the estimated present sea-level rise.
INTRODUCTION
The aim of this paper is to obtain a first-order estimate of the impact of blowing snow on Antarctic katabatic winds. This will be done using a mesoscale atmospheric model developed to study atmospheric circulation in p olar regions (Gallee, 1995) .
Katabatic wind is the dominating atmospheric circulation near the surface of the Antarctic ice sheet. Its m ain forcing mechanism results from the formation of cold dense air by radiation cooling over th e sloping surface of the ice shee t. This air flows down the slopes a nd may reach a stormy character in the coastal a reas (Pa rish, 1988) .
Katabatic winds are responsibl e for export of cold continental air over the surrounding ocean and play a significant role in the climatic system of th e Southern H emi sphere (e.g. Simmonds and L aw, 1995) .
In a previous study, Kodam a a nd others (1985) di sc ussed the potential inOuence of blowing snow on the dynamics of Antarctic katabatic winds. They indentified some processes which are r esponsible for changes in the streng th of the ci rculation . They noted that the presence of blowing snow p a rticl es in the airstream caused a n increase in the fluid density, thus increasing the katabatic force. Furth ermore, the sublimation of snow absorbs heat and is responsible for an additional cooling and an additional increase in air density. These two processes are referred to below as a n increase in air density. Koda ma and others (1985) also mentioned that the transfer of kinetic energy from the air nea r the surface to blowing-snow pa rticles slows down the katabatic airstream but they argued that such a process had a negligible inOuence. This process is referred to below as an increase of surface friction. Later, Gosink (1989) used a density-current model to study the first two processes a nd found that they pl ayed a somewhat minor rol e for wind velocities below about 28 m s I.
The impact of the above-mentioned processes on the simulati on of Antarctic katabatic wind s is th e subject of th e present pap er. To carry out the study, a crude represe ntation of blowing snow was included in the mesoscale atmospheric model MAR (Modete Atmospherique Regional). Th e relative influence of air-density increase and surface-friction increase was assessed by undertaking experiments in which these processes were either switched on or off. These simul ations were then analysed using the factor-sepa ration method develop ed by Stein a nd Alpert (1993).
MODEL DESCRIP TION
The model MAR has been fully described by Gallee and Schayes (1994) and Gallee (1995) . A brief description is given here. MAR is a hydrostatic primiti ve-equation model in which th e vertical coordinate is the normali zed pressure
Ps is the pressure, the model top press ure a nd the surface pressure, respectively). The full continuity equation is a lso taken into account. The vertical sub-grid scale fluxes are treated using the E-E turbulence model (Duynkerke, 1988) , allowing representation of the turbulent mixing leng th as a function of the local fl ow characteristics. This is important, because of the complex structure of the katabatic laye r (Pettre and Andn\ 1991; Gallee a nd Schayes, 1992). To represent the vertical sub-grid seale fluxes in the surface layer, the formul ation of Duynkerke (1991) , developed also to take into account very stable conditi ons, is used. The hydrological cycle also includes a cloud microphysical model, with conservation equations for cloud droplet, rain drop, cloud ice crystal a nd snowOake concentrations. The representation of the cloud microphysical processes is essentially based on the K essler (1969) pa ra meteri zation. In particul ar, th e sublim ation of snowflakes is a function of the relative humidity of the a ir.
D etailed sola r-and infrared-radiation schemes are used. The sola r-radiation scheme is that of Tricot a nd Berger (1988) m odified by G allee a nd others (1991). The longwaveradiation scheme follows a wide-band formulation of the radiative-transfer equation (Morcrette, 1984) and was design ed for use in general circulation models (GeMs).
Gallie: Simulation if blowing snow over the Antarctic ice sheet
Cloud properties are al so taken into account in the sola rand infrared-radiation scheme by computing the liquidwater path in each model layer from the hydrometeor concentration.
This model has recently been coupled to a physically based model of the snowpack (G a llee and Duynkerke, 1997) a nd to a p olynya m odel (G all ee, 1997).
Fluid-density increase due to the presence of hydrometeors and in particular of blowing-snow pa rticles is ta ken into account in the model by modifying the representation of the virtual temperature a nd the hydrostatic equ ation, in a mann er compa rable to that of Ben is ton (1980):
where Tv is the virtual temperature, T is the temperature, B is the potential temperature, cp is the geopotentia l, a nd qv, qj, qs, qw a nd qr are the concentration of water vapor, ice crystals, snowflakes, cloud droplets and rain, respectively.
The increase of surface fri ction due to bl owing snow is parameterized according to Chamberlain (1983) and co nsists of an increase in the surface-roughness leng th Zo in the ca se of blowing snow:
where u . is the fri ction vel ocity and 9 is gravity. A threshold u .t = O.4 m S-I is chosen under which blowing snow is not allowed to occur. It corresp onds to snow having a wind-ha rdened surface, a commonly observed situation over Antarctica. Th e concentration of blowing-snow particl es 2 m above the surface is pa ra meteri zed acco rding to Budd a nd others (1966) . It is used as the lower bounda r y condition for snowflake concentrations. The vertical turbulent flu xes of blowing snow a re computed by using the same diffusion coeffi cients as for momentum.
RESU LTS
The impact of blowing snow on the dynamics of Anta rctic katabatic winds is analysed in this paper by using the factor-separation method developed by Stein a nd Alpert (1993). Two factors a re considered: (i) the air-density 204 increase a nd (ii ) the surface-friction increase. Th e factorsepa ration method a llows us to infer the relative influence of each factor and their synerge tic effects by p erforming several experiments. Four experiments a re necessar y when two factors a re considered: one experiment with none of the two factors activated , two experiments, each with only one of the two factors activated , a nd one experiment with the two factors activated. The last experiment allows us to infer the synergetic effect of one of the factors on the other. The experiments ar e summarized in Table 1 . The model domain covers Anta rctica, with a horizo nta l grid size of 40 km . The vertical levels a re non-uniformly distributed, with the fin est discreti zation near the surface. The reason is that the main par t of the circulation occurs in the low troposphere. Their initia l heights above the ocean are 15, 31, 118, 238, 400, 564, 817, 1709, 3801 , 7400 and 14230 m. Polar-ni ght conditions a re ass umed. The ocean is covered with sea ice. The initi a l vertical temperature profil e is based on the climatology of Schwerdtfeger (1984) . The initial relative humidity is ass umed to be 0.3. This low value has been chosen in order to avoid the generation of high clouds over the Antarctic continent. Note, however, that a la rge relative error in th e initial rel ative humidity over the plateau generates a small relative error in the specific humidity in the coasta l area. For example, if one chooses a n initi al relative humidity RH a mounting to 0.3 rather than 0.7, the error in the specific humidity would a mount roughl y to 0.02 g kg-I if the temperature T equals 220 K over the plateau. This is a much sma ll er value than the 0.6 g kg 1 corresponding to T'::::'. 250 K and RH ' ::::' . 0.95 in katabatic air stream s reaching the coastal a rea. In other words, the model sensitivity to the initia l relative humidity is rather sm all, since continental a ir coming from the Anta rctic plateau experiences a n important adi abatic warming (and consequently an important relative drying effect) when it flows down towa rds the ice-sheet m argin. Fina ll y, it must be noted that the simulation is performed over a sufficiently long time to allow the humidity in the lower troposphere to adjust to surface conditions. For example, RH ~ 0.6 at the South Pole after 3 days of in tegration.
T he m odel is sta r ted at rest. Note that the la rge-scale atmospheric circulation around Antarctica (e.g. the cyclonic activit y) is not included in the simulati ons, because iL may interact with the katabatic-wind circul ation a nd seriously complicate interpretation of the model results.
L et us consider first the wind vector on the first m odel level (15 m above the surface ), after 3 days of integration (Fig. I) , for EXP 11 (blowing-snow processes are switched on ). The katabatic-wind system is well 'imula ted by the model: wind s a re almost downslope, especially in topographic confluence zones near the coast. This is because the Co riolis force is relati vely sm all in th at area. The relative importance of th e Corioli s force increases inl and a nd easterli es are simulated over the Anta rctic platea u. As in the observations, easterlies ar e a lso simulated along the Anta rctic coast.
In the following, one examines the sensitivity of the wind speed to bl owing snow (Table I) . Its rms (root mean square) over the continent ex hibits an increa se when the air-density increase due to bl owing snow is taken into account (compa re EXP Ol a nd 11 with EXP 00 a nd 10, resp ectively). The impact of the surface-friction increase seems less importa nt a nd is res ponsible for a slight decrease in the rm s (cr. EXP 10 a nd II with EXP 00 a nd 01, respectively ).
The impact of blowing snow on the speed of strong kata- batic winds may be determined by considering the m ax imum va lue of the wind speed. Note th at the ana lysis of thi s value a lso a ll ows us to obta in a better insight into the interaction beween katabatic wind s a nd bl owing snow, since the impact of blowing snow on atm osph eric d yna mics is much more m a rked for the largest wind speeds. It is found tha t the impact of air-density increase is relatively sm a ll (+ 0.32 m s I, EXP 01). Thi s fact has also been menti oned by Gosink (1989) . The la rgest inOuence is that of the surfacefriction increase (-1.l4 m s I, EXP 10). A weak synergetic effect is a lso sim ulated: compared with EXP 00, EXP 1I exhibits a sli ghtly small er dec rease in the m ax imum wind speed (-0.72 m s I) than the sum of EXP 01 and 10 (0.32-1.14 = -0.82 m S i). Consideri ng EXP 01 a nd EXP 11, a m ore effi cient ve rtical turbulent transpor t of blowing-snow particles a nd, subsequentl y, a la rger concent ration of blowing snow in EXP 11 m ay be explained by the inc rease in turbulence in conjunction with t he increase of the surface friction. A com par able sy nerge tic effect m ay be found when considering the continental average of the daily sublim ati on rate. It is la rger when the increase in both the air density and the surface fri ction are ta ken into account (0.087 mm d 1 w.e. (water equivalent); EXP 11 ), th an th e sum of each effect included separately (0.086 -0.012 = 0.074 mm d 1 w.e.; EXP 01 a nd 10). Again, this is due to th e fact th at a la rger a mount o[ bl owing snow is available [or sublimati on in EX P Il.
Note t hat the sublim ation rate m enti oned in Tabl e I is compu ted as the d ifference between th e current experim ent a nd EXP 00. Furtherm ore, the m odel also simulates the generation of clo ud s a nd precipita ti on, and a fra cti on of water vapour generated by sublim ati on is recycled as condensati on. For thi s reason, the sublim ati on rate menti oned inTabl e I co uld be qua lifi ed as a net sublima ti on r ate. T he contribution of sublim ati on in bl owing snow to the surface m ass ba la nce of the Anta rctic ice sheet seem s significant (0.087 mm d 1 w. e.). Ass uming thi s va lue constant in time, the corres ponding value for I yea r is expa nded over the wo rld ocean by multiplying it by the rati o of the Anta rctic continental surface divided by the world ocean surface. T his gives a contribu tion to the globa l sea-l evel a nnu a l budget of roughl y 1.5 mm. Thi s va lue m ay be compa red to th e present 1-2 mm a 1 sea-level rise (Well er, 1993) .
DISCUSSION
In order to assess the impact of blowing snow on t he dynamics of A ntarctic katabatic wind s, a crude pa rameterization of blowing snow has been included in the meso cale atmos pheric model M AR . Concerning the impact of airdensity increase, a genera l agreement is found with th e Gosink (1989) results. A new finding is that th e increase in surface fri ction, in th e case of blowing snow, has a rela ti vely larger impact on the dyna mics of strong kataba tic winds tha n previously suggested. Note, however, tha t the present study does not include a n increase in air stability near the surface due to the prese nc e of blown-snow particles in air. Indeed, the increasing concentration of blowing snow down towards the surface is r esponsibl e for a strong increase in th e nuid density there (Bintanja, 1998) . Such a stabilizati on is res ponsible for a reduction in turbulence and a subsequent reduction in the frictional force.
A second point is that the large-scale circulation around Antarctica is not taken into account. Th e reason for that choice is that the aim of th is paper is to compa re the relative innuence of the main physical processes activated by blowing snow. Nevertheless, the influence of the la rge-scale forcing may be important, since it may trigger strong katabatic wind events (Murphy and Simmonds, 1993) , amplify blow ing-snow processes and in turn have a much la rger impact on the katabatic-wind circul ation th a n that estimated here.
In the present study, sublimation in blowing snow over the Anta rctic continent contributes to the global sea-level budget. This contribution may be viewed as an export of water vapour across the continental boundary, and it is found that it amounts a nnually to 1.5 mm. Although sm all er than th e contribution of precipitation, this co ntribution is relatively significant. Furthermore, it is probably underestimated because the katabatic flow simulated in this study is relatively weak.
Another resu lt of the present simulations is that the transport of blowing-snow pa rticles across the continental bounda ry is relatively negligible when compared to the tra nsport of water vapour. The relative importance of the former process m ay increase substantia lly in rapid katabatic air streams containing blowing snow. Indeed, the katabatic layer in the coastal area is saturated with water vapour in these situations so that sublimation co uld not increase significantly. By contrast, the concentration of blown-snow particles may still increase in the lowest few metres of the atmosphere. Nevertheless, a possibl e deepening of the turbulent katabatic layer during strong katabatic events, forced by cyclonic conditions (e.g. Schwerdtfeger, 1984) , may also be responsible [or an increase in th e water-vapour nux ac ross the continental bounda ry.
In conclusion, a more correct assess ment of climatemodel performances over Antarctica would require us to distinguish precipitation and erosion of the snow cover by the wind . Such a refin ement justifies further developments orthe blowing-snow model.
